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ABSTRACT 


A simplified theoretical treatment has been developed for the burning 
of single drops of monopropellants. “vaporation constants and the ratios 
of flare to Croplet radii have been calculated for the following mono= 
propellants burning in an inert atmosphere: hydrogen neroxide, nitro=- 
methane, hydrazine, ethylene oxide, ozone and nitrous oxide. Compared 
with the results of similar calculations for fuels burning in air, much 
amaller flame radii were obtained, while the evaporation constants were 
found to fall in the same ranse as before. 

Attempts at burning singls droplets of monopropellants (e.g. hydrazine 
end nitromethane) in a nitrogen atmosphere were unsuccessful. Monopro- 
pellant droplets burning stably in air were found to extinguish if the 
oxygen was removed during burning. These experimental findings probably 
reflect the well-known difficulties encountered in monopropellant opera 
tion, which is usually successful only if a suitable renction catalyst is 
available. The annlicability of calculated monopropellant burning rates 
to practical cases cannot be assessed at this time. 

Single droplets of hydrazine and nitromethane were burnt in air and 
evaporation constants determined experimentally. The mensured rate for 
nitromethane was found to be in good agreement with calculated resulta for 
heterogeneous burning of fuel dropvlets in air. The mensured rate for 
hydrazine was found to be considerably higher than the value calculated 
for fuel drovlets burning in air or for monopropellant droplets burning in 
an inert atmosvhere. This latter result probably indicates that the 
assumotion of a diffusion flame for the burning of hydrazine in nir is not 
valid, i.e., the hy Qe ne decomposes throushout the region between the 


liquid surface and the "fleme surface" rather than reacting instantaneously 








nt the "flame surface". 
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NOMENCLATURE 


radial distanoe from center of drop 
radius of monopropellant drop 

radius of commstion surface 

temperature of ambient gre 

standard reference termpernture (298,16°K) 
normal boiling point of monopropellant 
temperature at combustion surface 
adiabatic flame temmerature 

time 


density of liquid monopropellant 





sneci fio heat at constant pressure of monopropellant vapor 
specific hent at constant pressure of reaction 7 e 
specific heat of liquid monopropellant 
thermal conductivity 

specific latent heat of vanorization of monopropellant 
binary diffusion coefficient for species K 
weight fraction of species K in gaseous mixtures 
specific enthalpy of species K at temperature T 
mass rate of flow of monovropellant vapor 
constents in the expression (ep) wv zat dT 
conrmutational parameters 


evaporation constant 





I. FRPRODUCTION 


In recent years ‘iene hes been incrensec effort to determine the 
mechanism of com>ustion of individual Crorlets of fuel. These basic 
studies were initiated in order to aid in the design of efficient srray 
injection type burners, 

fost of the previously vublished experimentel work of heterozeneous 
burning of single ¢ronlets has been limited to the study of liquid fuel 
droplets burning in an oxidizing atmosphere. For example, Godsave (1,2), 
Goldsmith and Perkins (3), and others have conducted experiments with such 
hydrocarton fuels as benzene, ethyl alcohol and n-heptane using air as the 
oxidizing medium. These investigators have.found that for steady burning 
the square of the burning droplet diameter decrenses linearly with tine. 

Mall and DPiederichsen (4) have carried out experimental studies on the 
combustion of drovs of liquic fuels at various pressures. They concluded 
that the mass rate of Purning of fuel droplets is roughly vrorortional to 
the one-fourth rower of the pressure for pressures up to twenty atmospheres. 

Efforts have also teen made towards understancing the rechanisnm of 
purning of single drone of fuel in oridizing atmosvheres. Godsave (1,2) 
obtained a useful theoretical interpretation of his experimental results 
by assuming that the chemical renction rates do not control the rate of 
burning. Under these conditions the nroblem is essentielly n study of heat 
and mase trensfer tetween the fleme “ront, the fuel droplet end the sur 
rounding atrosphere. The location of the renction front is cetermined 
empimecally. With this rhysicsl mocel Godsave cerivead an explicit expres- 
sion _ the burning rate of liculd fuel Gronlets which contained two adjust- 
able parameters. These were the temperature of the fleme front one the 


combustion radius. Godsave (1,2) showed that the use of reasonable velues 





wo Bes 
for these parameters wns consistent with the observed masa burning rates. 

Goldsmith ané Penner (5) and Graves (6) obtained explicit relations 
for the mass burning rates of fuel drorlets by postulating thet the 
position of the flame front 1s established in such a way that the deliv- 
ery rates of fuel to oxidizer are in stoichiometric proportions. These 
authors derived relations for the radius of the flame front, the flame 
tempernture, and the mass flow rate, which contained no adjustable rern- 
reters. 

The method of Goldsmith nnd Penner can he extendec to calculations of 
burning rates for monopropellants. It is the purnose of the present 
atudy to show the required rodifications for mononropellants in the sreciel 
case in which chemionl] reaction rates nre not rate-controlling. 

The aseumed mechanism for the combustion processes ins the following. 
fhe fuel evaporntes and diffuses to the reaction front, which is asaumed 
to be a svherical shell surrounding the droplet. The location of the reac-~ 
tion front is cefined by assuming that the reaction zone temperature is 
0.90 of the adiabatic flame temperature. It is sssumed thet the reactants 
ere consuried instantaneously upon reaching the flame front. The problem 
of determining the rate of burning, therefore, reouires solving a trnns-~ 
port protlem. Generally the rates of —— heat transfer will be in- 
creased by the effects of convection. Therefore, a lower limit for the 
burning rate will be obtained if the analysis is made for a droplet burn- 
ing in a still atmosnhere, neglecting the convection of hot gases over the 
fuel droplet. 

A detniled discussion of the theory and a derivation of the basic 
relations, following closely the paper of Goldsmith and Fenner, is given 
in Section II, The results of representative calculations are described 


in Section III for the following monopropellants: hydrogen peroxide, 
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nitromethane, hydrazine, ethylene oxide, ozone, and nitrous oxide, all 











burning in nitrogen. 
Some unsuccegsful attempts at igniting single Grovlets of monopro~ 
pellants (hydrazine and nitromethane), supported from a quartz fiber in 


nitrogen, nre deecrited in Section IV. There some ronopropellents turning: 











statly in air were found to extinguish when the oxygen was removed final 
the surrounding atmosvhere. These resulta probably reflect the well- 
known practical diffioulties encountered in monoprorellant overa‘ | 
hich is often successful only if suitable iynition catalysts are emoloy 
ed, 
The evaroration constants for the burning of hydrazine and nitro- 
methane in air were determined experimentally. In Section V these experi- 
ments are described, and a comparison is made with results ealculeted for 


the heterozeneous burning of fuel droplets in air. 





we 
II, A SIMFLI?FIED MODEL FOR TH! BURRING OF SINGL= DROS Or MONOPROl SLLANT* 


In orcer to present a clear ricture of the physical model upon which 
the analysis is based, the inmortant assurmctions are listed in detail 
below: 1. The droviets are spherical. 2. Convection effects may be 
neglected. 3. The flame front surrounding the drop is represented by a 
spherical surfece concentric with the drop. All reactions taxe place 
instantaneously at this surface, at which the temperature is assumed to be 
0.90 of the adiabatic flame temmerature. The calculated turning rates are 
not a sensitive function of the bagtinad ratio of flame surface temnereture 
to adiabatic flame tempernture. 4. Steady state solutions are assumed 
for fixed drorlet sizes. 5. The effect of heat transfer by radiation is 
neglected. 6. Mean values are used, when appropriate, for the physical 
rroperties. 7. The temverature of the ronopropellant drop is assumed to 
be uniform and equal to the boiling temperature. Although this assumption 
is questionable, it does not exert a large effect on the theoretical 
results. 8. The pressure is assumed to he uniform throughout the system. 

A schematic diagram of an evaporating and burning ronopropellent 
droplet in an inert atmosvhere is shown in Fig. 1. The radius of the 
licuid drop is r, and its temperature is the normal boiling point T, . 
The radial distance of the combustion surfece fror the center of the li- 


quid droplet is Tf. and its temperature, T is 0.90 of the adiabatic flane 


c’ 
temverature Tr, i.e. T, # 0.9 Tp. The inert gas mixture at a large distance 


from the combustion surface is nt temperature ye 


* The present Ciscussion follows closely the wording in the paper by 
Goldsmith and Penner (5). However, nppropriate chenges are introduced 
whenever necessary in order to make the analysis avvlicable for our model 
of monopropellant turning. 
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Let hp represent the steady-state mass rate of fuel consumption, which 
is the desired eigenvalue of the boundsry-value problem; t is the time, o , 
Cy and A represent, respectively, the density, specific heat at constant 
pressure, and thermal conductivity: A eaunle the specific latent hert of 
evaporation of the fuel. 

For a constant-preseure flow process, the first law of thermodynanics 
leads to the relation 

%- ¥ 

where cdh/dt is the rate of enthalpy increase of the geses passing through 
a fixed volume to which the total rate of energy tranefer is dq/dt. For 
a spherical shell bounded by the radii r; and rp, the energy eountion 


takes the form 


rn hu), -(5.0, a Janata ry a jan u| (1) 


where the subscripts i and f identify, resvectively, the surfaces at Ts 
and ry, and hy is the specific enthalpy of the mononropellant. 


The general continuity equation for species K cen be written in the 


form 
ae a ™ _ JDe 2a 
M,= AAP | eee 2 a " Ye (2) 


where Mz is the rate of mass transport of species K, P is the density of 
the gas mixture. ty equrls the weight fraction of the snecies K, and Dy 
is the appropriate diffusion coefficient for species K. Tauntion (2) 

states that the total mass transport of species K is equal to the sum of 
the mass transvort of species K associated with the movement of the aver 


age fluid, Yy tp, and with the mass transfer by diffusion, — 47/0 Dx d Yi 





~ Em 











The momentum equation reduces to the statement that the rressure is 


practically constant, which is assumed to te the case in the anelysis. 


A. ferivation of Godeave's Eauation for pe 


The expression for conservation of enercy, given in Sauation (1), den 


applied to the spherical shell between r / and r for r<fj,.- The rate of 













enthalpy transport at r, is 
Mp Chad 


anc at r 


melo 


- 
‘The rate of energy transport by thermal conduction at re is 


—[4rra2A at = —< TT gp Ak 


eh 


and the rate of energy trensport at r into the spherical shell between 
rg and ris 


aes 
d~ 


‘Hence Zouation (1) becomes 
rie| (beady ed | =a Rt 477A" A at 
or 
4° dT Come 
an dT = al Ar + J pu 
4 


where the subscript to the specific heat indicates the monopropellant 


If it is assumed that A =A, 4s independent of temperature ané 
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also that (cus (Ou is constant, then “quation (3) becomes 


Ama’ aT =) nega | as ae ra) 


a | | Pa 
Integration of the precefding expression between the limits r= ry at 


TST, and r® rs at Te T. leads directly to Godsave's equation for 


Dp, viz. ? 


(cp 
Ss) ay ee i+ Ze(n-z)| (4) 


(Cp). [/-Mn) | 


Examination of Squation (4) shows that for r,>>r/, or for constant volues 


c 
of r¢ mess hy is a linear function of the droplet radius. Also, since Ges 
is generally large compared to Ty, it follows that mp is not a sensitive 
function of Ty. 

It should be noted that Equation (4) was derived without making any 
special assumptions about the location of the reaction front. For this 


reason the expression for mp contains two unknown parameters, T, and r,. 


B. An Expression For tp If A and (Cy) Are Linear Functions of the 

Temperature. 

A refinement of Godsave's equation was obtnined by Goldsmith and 
Penner by deleting the assumptions (a) that A can ve assigned an average 
value, A; » in the temperature interval between T ¢ and Mi and (bd) that 
the specific heat of the monoprorellant vapor is constant. We use the 


where ay, is the thermal conductivity of the monovropellant-inert gas 
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mixture at the temperature T, , and 













Coy = Aaa (6) 





where a and b> are suitably chosen constants, “quations (3), (5) and (6) 


lend to the reeult, 


arA® AL = the te (7-2) +b(T-B*) aed 
le 7 


Integration of this expreesion from rp, Ty, to ro - results in the 


relation 
where 
- e fon ae fer y>0 
@ = : 
, tonh atbT jor y <0 
A Ve 


where (), is the value of (? for T# 7 anc q, is the value of (a 
TsT-, and 

y= Ab(AL-b le — ali) - a> 

Reference to Zauations (7) and (8a) shows again that mp is determined 


provided r, and T, are known. 


C. Determination of the Combuetion Radius. 


For the spherical shell between r>r, end rg, Zquation (1) becomes 
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dz 


7g (hply - Me hp) -|4ne3 ir| = \sa*4 az] (9) 
A A 


c 


where hy, denotes the specific enthalpy of the products of renction. The 












tern -[ana*a 17a,| equals the totsl heat evolved on reaction at qT 
: Ac ; 


minus the energy transported to the fuel droplet, i.e. 


lari 4z| = Mg mae + (bu), — Ae -|° beady — Chudy \} 
Ac : ) 





where hu is the specific enthalpy of the monopropellant. Hence Zquat 


(9) hecones 


= ama” AAT = rel g*— [Choy _ (hp) _ | 
where 


# 


go = — (hp) « + (hue) 2% + (7-7) 


Here T* ig a standard reference temrerature (298.16°K), and c ¢ denotes 
e& constant epecific heat for the liquid monopropellant in the tempe rature 
range T* to T ¢ . The quantity a* differs from the standarc heat of 
combustion for one gram of liouid monovropellant through the nite 


the termc ¢ (Ty = ™), If (ce, pP ise independent of the terverature, 


Eeuation (10) reduces to the relation 
® * am = 
— 417A A dT 3 rel 9 = (a7 )Bp| 
This equation is of the form 


Ana A dL = Wp (ep) pA +T) 


with 





o (12) 


il 
| 
~ 
l) 
. 


(CP) p 
Replacing J by A. T/T, in “auation (10b) and integrating from Ka 
T, to co , FA the following relation is obtained 


Ac ng (<p)p Te ae (13) 


Die =) Gren jenn + Te mu (z)| 


From Squetions (7) and (13) an expression for r,/r, is obtained, viz. 


—j 
Awaz I+ Agree dl (7-7) + FeAn ak (14) 
Ak Aq Te b Bees (7 
where 
és fn 1 +(E Ne eg £7) +|Ge~ | (15) 


Reference to Fquation (14) shows that r,/te is a constant for fixed 
values of the physico-chemical parnmeters. Fence Equation (7) shows that 


Mp is a linear function of ry. 
D. The Evavoration Constant K'. 


The linear relation between Mp and r¢ has been used to obtain the 


following expression for the variation of droplet ciameter with time: 
ech es (16) 


where d is the drovlet diameter at time t, dy is the initial dronvlet 
diameter, and the constant K' is referred to as the evaporation constant. 


It is easily shown thet K' is related to Mp through the expression 
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TIT, WSSULTS OF REPRESENTATIVE CALCULATIONS 






The procedure for celculating the various auantities involves the 












following steps: 


_ « 
(a) Tor suitably chosen values of the physico-chemical parnmeters ; 
A 


and assuming Ty. = 0.90T,, the computational parameter Lx is 
obtained from Equation (15). 
(>) The quantity r,/re is obtained from Zauntion (14), 
(c) p/P fm determined from Zquation (7). 
(6) Finally, the evaporation constant, K!' is calculated from Zquatio: 
(7). 
The calculations were carried out for the monopropellants decomvosi: 
as indicated telow: 


(a) Hydrogen Peroxide 


4202 > H20.5+ 400 rs 
Hit romethane 

CHANO, Gy > 0.2002, ,+ 0.8C0,,+ O.7HS, +r 05M + 
Hyd razine 

Rohn Oe Bay + Faw 


Athylene Oxide 


' 
CoH,9..) —- CO, + CM ig) 


Ozone 


205 2) a 302 C9) 
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Reference to Table I shows that the calculated values of K! fall in 


the ranze 5 to 12 x 107? em’/sec, which is similar to the results obteined 











for the heterogeneous burning of fuel drorlets in air. On the other hand, 


the calculated values of Bf £7 are roughly 1.5, which is only atout one 











fourth of the corresponding results for fuel drovlets burning in air. It 
should be noted that observed flame radii for fuels burning in air are 
generally much smaller than the calculated racii. This result, as well 
as the imnrossibly high flame temneratures obtained (neglecting dissocia- 
tion) for fuels burning in air on the assumption that the flame surface 
corresponds to the position where the delivery rates of fuel to oxidizer 
are in stoichiometric proportions, suggests that the assumption T = 0.97 


may ve a generally useful concept. 
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IV. BAFSRIMENTAL STUDIES ON IGHITION AND BURNING OF FONG: ROPELLANT 


DROPLETS 
A. Burning of Single Jrops in a Nitrogen Atrosrphere 


The appnratus used for the experimental work 4s shown in Fig. 2. 

The object of the investigation was to photograph ana record the decrease 
in drop size with time during combustion. The combustion tank shown in 
Fig. 2 was used so that the monopropellant droplet could be surrounded by 
nitrogen. The tank had the shape of ea cube mersuring a2 viealen on each 
side (inside), and was made of 1/2 inch thick lucite except for the 1/4 
inch thick front and back panels. 

Nitrogen was introduced through a 3/8 inch fitting screwed into the 
tank alge. A similar fitting on the opposite side of the tank, open to 
the atmosvhere, servec as an exhaust line. 

A fine silica filament was cementec to a brass bolt screwed through 
the top of the tank. The filament anc bolt were of such a length that the 
: tip of the filament was about in the center of the tank. It was necessary 
to thicken the end of the filament in order to retain the licuid drop on 
the filament. The diameter of the thickened end was approximately 0.30 mm. 

The drops were suspended on the filament by means of a hypodermic 
syringe and an eight inch needle inserted through e@ rubber diarhragr in 
the top of the tank. The drops were between 1.5 and 2.5 m in dismeter. 
The diaphragm was made by cementing aA plece of 1/16 inch neoprene over & 
1-1/2 inch hole cut into the top of the tank. A sketch of this operation 
is shown in Mg. 3. After suspending the drop the needle was withdrawn 
and the diaphragm sealec itself. 


It was planned to ignite the drops by means of an electric spark. 
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For this purpose electrodee of 1/16 inch brnse rod were bolted to the 
sides of the tank and positioned so 9s to leave a gap of about 1 can. 
across the filament tip. 

The first attempts to ignite the drop were meade using 2 six-volt stor 
age battery connected through a sperk coil and an on-off switch to the 
6lectroces. Attemmrts were made to ignite nitromethane and hydrazine by 
this method but all attempts failed. 

The battery and spark coil were then replaced ty a continuously spark- 
ing Tesla coil leak tester, which was connected to the electrodes. The 
sprrk was hot enough to cause rapid evavoration of the drops but would not 
ignite them, The sparks were observed to "go around" the drop of nitro- 
methane no matter how short the distance hetween electrode and drop. On 
the other hand the sparks apperred to "go through" the hydrazine; in this 
case the only observed effect, besides rapid evaporation, was a yellowish 
discoloration of the drop. 

Relieving that more powerful sparks would only succeed in knocking the 
drop off the filament, it wae decided to try ignition by means of a hot 
wire. For thie purpose a probe was built by passing two large insulated 
coprer wires through a 1/4 inch copper tube about 10 inches long. 

The ends of this tube were sesled with cement end emnll pieces of 
tungsten wire were clipped to one end. The other end was connected to a 
2ix volt storage battery. The temperature of the tungsten wire was 
controlled by its length. Fieces about 1 inch in length or less would 
burn out almost instantly when the battery was connected. The probe was 
introduced into the combustion tank by passing it through a 1/8 inch hole 
out into the neoprene diaphragm. A sketch of this arrangement is shown 


in Ale. 4, 
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Two different hot wire arrancements were used in the ignition atterpts. 
At first a l cm. piece of tungsten wire was used and passed through the 
drop. When the battery wos connected,the tungsten turned out with the 
expected white flash but the drop was undisturhed. 

A second attempt wes made using a tungsten wire about 2 inches long 
formed in the shape of a coil. The coil was passed around the drop and 
the battery connected. The temnersture of the wire was increased by using 
progressively shorter wires. With 1 inch leneths the wire burned out 
Almost instantly. The only effect of increnasing the wire temnerature was 
to increase the evaporation rate of the drov. A last atternt was made 
using - 1-1/4 inch tungsten wire and placing the white hot wire in contact 
with the crop. The drov even rater more rapidly than before but dic not 
ignite. Removal of the hot wire after a short time immediately halted the 
rapid evaporation, thereby eliminating the vossibility thet the drov wes 
actually burning with an invisible flame. 

It was felt that any further attempts to ignite the drops under these 
conditions would be futile. It war decided to study the change which 
occured in a continuously burning drop as an oxidizing atmosphere was re- 


placed by an inert atmosphere. 
B. Apparatus for Continuously Burning Drops* 


The avparatus used for the exverimental- work with a continuously burn 
ing drop is shown in Mg. 5. The object of the investigation was to photo= 
Braph and record the change in flame characteristics as an oxidizing atmos- 
phere was gradually replaced with an inert atmosphere. Continuous burning 


* The author is indebted to Mr. M. Goldsmith for the loan of the avparatus 
ured in these studies, 


Wis 
was obtained by feeding the monovropellant through a hypodermic needle 
with a porous tnll cemented to ita end. The porous ball was made fror 
alumina and had a ciameter of about 7 mm, A smnll hole was drillec in the 
ball into which the nsedle was cemented using a high temperature ceramic 
cement. The needle was attached to a 50 ce hyvodermic syringe held fixed 
in the apparatus by two clamus. The plunger was moved through reduction 
gears and a worm drive by a 12 volt, 4,000 rpm D.C. motor, controlled by a 
rhaostat and rectifier. With this arrangement the monopropellant fuel 
flow could be varied from gero to a level where excess liquid would drop 
from the porous ball. The needle and ball were introduced into the com 
bustion tank by meana of a slotted bolt threaded into the side of the tank. 

It was planned to ignite the drop in air and then, after adjusting the 
rheostat for steady burning, to introduce nitrogen slowly until the tank 
atmosphere was inert. The burning drop could be photographed with a 35 mm 
movie camern at intervals during the cycle. 

The drov was ignited using the probe and tungsten wire coll. Ignition 
occurred quite readily. The rheostat was adjusted to maintain continuous 
burning and nitrogen was slowly introduced into the tank. As the nitrogen 
entered the flame became very sensitive to any mechanical influence. Jar- 
ring the tank or needle would cause the flame to extinguish immediately. 
Variation in the feed rate would sometimes cause a dronv of monoprorellant 
liquid to drop from the porous ball. ‘vhen this happened the flame would 
go out. As the turning time ané percentage of inert atmosvhere incrensed 
the sensitivity increased until eventually every drop would be extinguish~ 
ed despite a plentiful suprly of monopropellant fuel. Once extinguished 
the crop could not ts ignited until the tank had been flushed with air. 


In order to determine whether this phenomenon was due to lack of 
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oxygen or to mechanical @isturbdance, the porous ball was removed from the 











tank and set up as shown in Mg. 6. The ¢ron wes ignited an¢ the ar- 
paratus adjusted for continuous burning. As long as the crop war burning 
in alr it continued to turn with a stendy flame. Vibration or jarring, ion 


the needle had no effect on the flame. Incrensing the mononrovellont 











mass flow caused excess liauid to dron from the porous ball but with no 
detrimental effect on the flame. In order to check the effect of lack of 
oxygen, a 500 ce beaker was inverted over the flame. Within a foweoetie 
the flame exhibited the snme type of sensitivity it hed in the combustion 
tank and was easily extinguished by a slight vibration or jarring. hen 


a . 7 ia meal 
great care was taken to eliminate any mechanical disturbance the flame 


_ ae 


lasted a short while lonser but eventually was extinguished. As a final 
check, the beaker was flushed with nitrogen anc then inverted over the 


burning crop. The flame was instantly extinguished. 
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V. EXPERIMENTAL STUDIES OR THE RURNING OF MONOPROP“LLANTS IN AIR 


Since the nitromethane and hydrazine drops would not burn in an inert 
Atmosnvhere, at least without a suitable catalyst, it was decided to con 
psre the burning rates in vir of these monopropellants with the calculated 
burning rates for burning of fuel droplets in air. 

The apparatus used for this investigation 4s shown in “ig. 7. The 
silica filaments were similar to the ones previously described. The drovs 
were suspended on the filament by menns of a hypodermio syringe and 
needle. Ignition was accomplished by a small fleme. 

An electrically driven Arriflex 35 mm movie camera was uged to photo 
graph the burning drops. The drops were vhotographed in silhouette by 
providing strong background illumination. A 10 inch adapter tube was used 
with the lens to obtain as large an image of the drov as possible, A 
lens setting of f9 waa satdbvadies U2 be satisfactory. The background 
illumination was provided by a 100 watt light tuld located dilrectly hehind 
the filament tip. Kodak Super XX 35 mm film was used. 

The drops were photographed ot a cemern setting of 26 frames per second. 
“he actunl camera sveed at this setting was checked by pkotogrephing a 
500 watt light bulb through slots cut into an aluminum disk nttached to a 
constant-speed motor. With this stroboscope the camera timing was found 
to be 26,31 frames per second (1 frame per 0.0384 seconds). 

A 3/32 inch ball bearing was photographed at the heginning of each 
100 foot roll of film. This calibrotion was carried out under the same 
camern focusing conditions as for the burning drops, thereby providing an 
accurate reference measurement for determining the magnification of the 
photographs and, consequently, the actual size of the drops. 


The size of the burning drops war determined by using a technicue very 





Des 
similar to that described by Godsave (2). The film wns mersured with the 
aic of 2 35 mm microfilm reeder (to vroduce further magnification) and a 
steel scnle graduated to 1/2 of a millimeter. Two Mecsurenents were mace 
on each frame, nanely, the two porpendicular ciameters inclined at 45° 
to the major and ative axes in the nlane of observation. The mean of these 
two measurements was recorced as the "effective diameter" of the drop. If 
the major and minor axes do not differ greatly, as was the cage in these 
tests, then it is easily shown that the volume of 9 sphere with the 
measured effective diameter is not greatly different from that of the 
prolate spheroid which actually corresponds to the shape of the crop. As 
can be seen from Mg. 8, the suspended drops were reasonably spherical 
during the major part of their lifes. 

In most cases, measurements of each drop were taken over a range of 
sizes extending from the initial to arproximately one half of the initial 
@Grop diameter. Every fifth frame of the film for each cron was measured. 

The experimental results gave cirectly the dror diameter, d, as a 
function of time, t. The plots of ae against t were found to be linear. 
Typical experimental plots for nitromethane anc hydrazine are shown in 
Figs. 9 and.10, respectively. The value of K' is determined directly 
from the slope of the straight lines and has the dimensions em“/sec. 

The calculated evavoration rates for burning of fuel droplets in air 
were obtained using the sauntions derived by Goldsmith and Penner (5). 
These results are compared with the observed velues of K' in Table II. 

Reference to Table II shows that the mensured burning rete for nitro~ 
methane burning in air is in good agreement with calculated results. Com 
parison with the evanoration constant calculated for nitromethane burning 


in an inert atmosnhere shows the anticinated result, namely, since the 





renction products do not differ grently, the burning rates are eimilar. 
The velue of burning rate observed for hydrazine burning in air was 
found to be considerably higher than the value calculated for fuel drop- 
lets burning in air or for monopropellant droplets turning in an inert 
atmosphere. 
fusion flame ie probably not valid. 
zine decomposes throughout the rezion between the liauid droplet anc the 


‘combustion surface" rather than instantaneously at the "combustion sur 


face", 


TABLE II: 
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COMPARISON OF CALCULAT=/) AND OBS"RVED VALUES FOR THE 


RVAPORATION CONSTANT K! 


Nitrone thane 


Calculated value 

in inert atmosphere 0.0049 0.0123 
Calculated 

value in air 0.0087 0.0113 


Observed 
value in air 
















0.0212 0.0109 





This result indicates that the assumption of a simple dif- 


It is more probable that the hydra- 
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FIGURE 1. SCHEMATIC DIAGRAM OF BURNING MONOPROPELLANT DROP 
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FIGURE 2. SKETCH OF APPARATUS FOR BURNING SINGLE DROPS IN NITROGEN 
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FIGURE 3. SKETCH OF APPARATUS FOR SUSPENDING DROP ON THE FILAMENT 
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FIGURE 4, SKETCH OF APPARATUS FOR HOT WIRE IGNITION OF DROPLET 
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FIGURE 6, SKETCH OF APPARATUS FOR CONTINUOUSLY BURNING DROPS IN AIR 
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to O00 { = 20200 
t = 0.442 sec t = 0.499 sec 
A ; 
t = 0.845 sec t = 0.998 sec 
t = 1. 267 bec t = 1,498 sec 
, | 
t = 1.728 sec t = 2. Wie Ste 
8a. Hydrazine burning inair 8b, Nitromethane burning in air 


FIGURE 8. PHOTOGRAPHS OF BURNING DROPS 
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FIGURE 9, PLOT OF a? ve t FOR NITROMETHANE BURNING IN AIR 
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FIGURE 10. PLOT OF a2 va t FOR HYDRAZINE BURNING IN AIR 
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